Abstract. In this paper we report a detection method for different sleep stages and it is based on a single-channel electroencephalogram (EEG) system. The system is simple and can be easily setup in homes to perform sleep EEG recording, overnight sleep EEG automatic staging, and sleep quality evaluation. EEG data of 14 sleeping subjects were recorded through the entire night. All subjects were within the age group of 20-30 years and having no significant sleep disorders. To analyze the EEG data, it is segmented into equal time intervals. This is followed by calculation of Sample Entropy (SampEn) for each section, and the SampEn's statistical characteristics, such as the median, upper quartile, lower quartile and inter-quartile range. The sleep data were divided into training group (7 cases) and test group (7 cases). Sleep stages' quantitative ranges of training group referring to ZEO results were extracted and the quantization range used to sleep staging EEG data. Both the training group and test group results were close to ZEO results. It suggested that the statistical characteristics of Sample Entropy could be used as a criterion for sleep staging and evaluation.
Introduction
Sleep is an essential physiological function, and it is required for maintaining physical and mental well-being. In order to measure sleep, several sleep staging criteria have been developed by the international communities. The most important is "A Manual of Standardized Terminology, Techniques and Scoring System for Sleep Stages of Human Subject", which is also called Rechtschaffen & Kales (R & K) Standard [1] . Most of the clinical sleep tests use polysomnography (PSG) method [2, 3] . PSG is a technique that records and analyzes physiological indicators of sleep simultaneously and is not suitable for using at home. Sample Entropy (SampEn) is an embedding entropy that quantifies the irregularity (or complexity) of data [4, 5] . It is used to estimate the probability of generating new EEG models when the dimension changes [6] . In this paper, a single-lead, long-term monitoring system for utilization at household is proposed that is able to perform sleep staging and could evaluate sleep quality automatically. Researchers have focused to automate EEG-based sleep-staging problem experimentally as well as clinically [7] [8] [9] . 
Methods

Subjects and equipment
In order to ensure data's consistency and credibility, the subjects selected were of age 20 through 30 with no significant sleep disorders. Two detecting electrodes were fixed in Fp1 and Fp2 positions of the bipolar recording system. Two sets of equipments were used to record EEG signals simultaneously. One is Beijing Xintuo bioelectricity amplifier with a laptop, and the other is ZEO that is manufactured in U.S.A. Xintuo bioelectricity amplifier is a bipolar, single-lead system, and could obtain raw EEG signals. The sampling rate and sensitivity of Xintuo bioelectricity amplifier were 1000 Hz and 0.5 V respectively. ZEO could not provide raw EEG signals, but its results were used as a reference providing priori knowledge in the sleep stages' duration and sleep quality score in our study. The subjects needed to wear ZEO headband and Xintuo electrodes at the same time, as shown in Figure 1. 
Experimental procedure
In order to diminish the impact of environmental variation, the first night sleep EEG recorded by ZEO is scored without processing. The ZEO score and the subject's feelings were together used to decide whether there were sleep disorders and also if the subject adapted to the new environment. If the answer is no, then the above procedure is repeated. If the subject failed to pass the test for the first two consecutive nights, the experiment had to be terminated. Otherwise, Xintuo system and ZEO system were used simultaneously in the following two nights for data recording and processing.
Technical procedure
The technical procedure is shown in Figure 1 . Two kinds of equipments were utilized to acquire sleep EEG simultaneously. ZEO provided sleep stages results and sleep quality score. It is used as a reference to extract the characteristic parameters of different sleep stages. Xintuo system is used to achieve the following functions: 1) Obtain raw sleep EEG signals; 2) Calculate SampEn; 3) Calculate medians and inter-quartile ranges of SampEn, and get sleep box- figure sequences; 
Principle of SampEn
For a data sequence x(1), x(2),…, x(N), where N indicates the length of sequence, SampEn computation is shown in the following steps:
(1) N-m vectors and each of size m is composed as follows:
between each vector and the other vector (not including itself) is computed as:
(3) Let Nm be the number of d[Xm(i), Xm(j)] within r (the given tolerance). The function is defined as:
Average over i:
(4) The dimension is increased to (m+1) and the previous steps are repeated. Sample Entropy is defined as:
The parameters' selection principle of SampEn can be found in the literature [10] . This paper selected m=2, r=0.2*SD (m: embedding dimension of the vector to be formed; r: tolerance that functions as a noise filter; SD: standard deviation of the data). The EEG data sequence is selected by the sliding rectangular window method. The sliding window length is 60 seconds and sliding step is 30 seconds.
Statistical parameter selection
To analyze the sleep EEG SampEn' central tendency and dispersion tendency, a set of four statistical parameters including the median, the upper quartile, the lower quartile and the inter-quartile range (IQR) were chosen. This is due to the fact that the medians had good stability with the respect to anti-extreme values. The SampEn medians and inter-quartile ranges of every time interval (3 minutes) were calculated, as shown in Figure 2 . In each sleep stage's SampEn characteristic is as follows.
SampEn curve and overnight sleep box-figure sequence
(1) Deep sleep (D): SampEn had the lowest values and a small inter-quartile range. This is due to the fact that EEG has characteristics such as high amplitudes, slow waves, low complexity and good stability. The inter-quartile ranges of SampEn were large. This is shown as L4, L5 and L7 in Figure 2 .
(4) Awakening (W): Due to the irregular and random EEG activities, it has higher inter-quartile ranges than any other stages. SampEn medians are discontinuous and non-monotonic.
Quantization range of SampEn for sleep staging
To perform EEG sleep staging automatically, we needed to search for a suitable quantization range of SampEn. Based on the qualitative characteristics of SampEn given in the previous section, we used quartiles and inter-quartile ranges of SampEn to determine the numerical ranges. The sleep data were divided into training group (7 cases) and test group (7 cases). The upper margins' medians, inter-quartiles and differences between the adjacent medians of different sleep stages of the training group were also counted. The numerical results intuitively reflected the mainstream values and Figure 3 . In each panel, from data 1 to 7 is 7 case results; and Data 8 is the total numerical range result of the 7 samples that represented the logical relationship "or".
From the study of the numerical results of different sleep stages,the following can be inferred. For deep sleep, the median range is defined as (DM1 ~ DM2), the maximum inter-quartile is DI, and the maximum difference between adjacent medians is DD. For REM sleep, the median range is defined as (RM1 ~ RM2), the maximum inter-quartile is RI, the maximum difference between adjacent medians is RD. From Figure 3 , all the values that reflected the mainstream numerical range distribution were extracted. The mainstream numerical ranges mean the peak decreased by 2 variances (2). It covered 95% of 7 cases histograms' qualitative characteristics. DM1, DM2, DI, DD were integrated to judge deep sleep. RM1, RM2, RI, RD were integrated to judge REM sleep.
(1) Deep sleep: SampEn of deep sleep had the lowest medians and a small inter-quartile range.
Moreover, there is a small change in the adjacent medians. Here, DM1 and DM2 took the sum of the 7 cases' ranges, DI chose the max values of its mainstream, and DD selected the max value of its mainstream. DM1 and DM2 were responsible for screening the approximate range, while DI and DD were responsible for the numerical range. Based on these ranges, the results were accurate. Here, DM1 is 0.10, DM2 is 0.60, DI is 0.07, and DD is 0.12. (2) REM sleep: SampEn of REM sleep had the highest medians, small inter-quartile ranges. In addition, the changes between adjacent medians were small. Here, RM1 and RM2 took the sum of the 7 cases' ranges, RI chose the max values of its mainstream, and RD selected the max value of its mainstream. RM1 and RM2 were responsible for screening the approximate range, while RI and RD were responsible for the numerical range. Based on these ranges, the results were accurate. Here, RM1 is 0.60, RM2 is 0.90, RI is 0.07, and RD is 0.12. In awakening stage, the SampEn medians were discontinuous and non-monotonic, the inter-quartile ranges had larger fluctuations, EEG waves performed without regularity.
Sleep quality evaluation
Upon completion of the above listed steps, sleep quality evaluations would be performed. The duration before sleep, awakening duration, light sleep duration, deep sleep duration, and REM sleep duration were defined as T tz , T w , T l , T d and T r respectively. The sleep quality score is annotated by S. Sleep stages' contribution coefficients were annotated as k tz , k w , k l , k d and k r , and all of them were supposed to be positive. The contributions were the multiplication of the durations and contribution coefficients, such as T tz * k tz , T w * k w , T l * k l , T d * k d and T r * k r . Regardless of sleep depth and dreams, light sleep, deep sleep, and REM sleep apparently had positive contributions to the score, while the duration before sleep or the occasional awakening duration during sleep had negative impact on the sleep quality. The total duration of overnight valid sleep is defined as (T l + T d + T r ). The best sleep quality is scored 100. ZEO results that were shown in Table 1 and Table 2 (in brackets) were used as priori knowledge for determining the coefficients of the score equation. The data is fitted by the least squares method and the score equation is: It is suggested that SampEn could be used as sleep EEG staging criteria. However the current work had some limitations. The 14 cases studied were too small to build a classification standard. More samples are required to improve the accuracy and the stability of the proposed method. In addition to the above constraint, the main objects of this paper were in a narrow range, so a further expansion of the sampled population is needed. This paper analyzed 14 cases sleep EEG data by SampEn method. It is found that different sleep stages have different SampEn features. 14 cases of overnight sleep EEG data were staged automatically. The results were close to ZEO results. Finally, it is suggested that SampEn could be used as a criterion to discriminate different sleep stages.
